Several amino terminal fragments of the emerimicins (Ac-Phe'-Aib2-Aib3-Ab4-Va15-Gly6-L.eu7-Aiba-Aibg-Hyp'o-Gln1'-~-Iva'2-Hy~3-Ala/Ai~4-Phol15) ranging in length from five to ten residues have been synthesized. Nuclear magnetic resonance studies have been carried out on the 1-5,6-10, 1-6, 1-7, 1-8, 1-9, and 1-10 fragments. The number of solvent-shielded NH groups in CDCl, solutions for 1-5, 1-6, 1-7, 1-8, 1-9, and 1-10 indicate that 3,,-helical structures are favored in this solvent. In (CD,),SO, an additional NH group, assigned to Aib(3) NH is solvent exposed in the fragments longer than six residues, suggesting partial unfolding of the N-terminal #?-turn or transition to an a-helical conformation. The data for fragment 6-10 are consistent with a conformation having a single Leu-Aib #?-turn. Infrared studies suggest an increase in the number of intramolecular hydrogen bonds with increasing peptide chain length. Appreciable mitochondrial uncoupling activity is observed for peptides with a chain length of at least seven residues. The order of efficiencies of the fragments is 1-7 < 1-8 -1-10 < 1-9, with the decapeptide exhibiting anomalously low uncoupling activity.
INTRODUCTION
The emerimicins are short peptides rich in a-aminoisobutyric acid (Aib) produced by Emricellopsis microspora.' The primary sequence of the emerimicins2 resembles several other membrane-modifying fungal peptides of which alamethicin is the most extensively studied (see Fig. 1 for sequences). While considerable attention has been focused on the chemistry, conformation, and biological activity of ala~nethicin,~-'~ there have been very few reported studies on the emerimicins. A preliminary report on the synthesis of emerimicin fragments has appeared." Also, crystal structures of the emerimicin fragments ranging in length from four to eight residues have been reported.12-15 S pectroscopic studies in solution have been reported on Nterminal fragments lacking the L-Phe residue. 16 . l7 Fluorescence methods have been used to monitor aqueous phase aggregation of fluorescent synthetic fragments." There have been no detailed reports on the channel-forming ability of emerimicins, although reference has been made to the ability of the natural peptides to form pores in synthetic lipid bilayers (see footnote in Ref.
2). We describe in this report the synthesis of amino-terminal fragments of emerimicin including the N-terminal decapeptide. The membrane-modifying activity of these peptides is compared by their ability to uncouple oxidative phosphorylation. A systematic investigation of the solution conformation of these peptides using 270-MHz 'H-nmr and ir studies is also described. The results establish highly folded helical conformations for these fragments, with appreciable uncoupling activity detected for peptides having a chain length greater than seven residues. Figure 2 illustrates the scheme adopted for the synthesis of 1-5 (E1-J, [6] [7] [8] [9] [10] (E6-10), and 1-10 emerimicin fragments. The peptides E,, (Boc-PheAib-Aib-Aib-Val-Gly-OMe), El, (Boc-Phe-Aib-Aib-Aib-Val-Gly-Leu-OMe), E,, (Boc-Phe-Aib-Aib-Aib-Val-Gly-Leu-Aib-OMe), and E,, (Boc-Phe-AibAib-Aib-Val-Gly-Leu-Aib-Aib-OMe) were obtained by coupling Gly-OMe, GlyLeu-OMe, Gly-Leu-Aib-OMe, and Gly-Leu-Aib-Aib-OMe to the free acid of peptide respectively. The coupling and work-up procedures are similar to those described earlier for model Aib peptides and have been described in detail e l~e w h e r e . '~~~~ The peptides were purified by silica gel column chromatography and checked for homogeneity by high performance liquid chromatography (HPLC) on a reverse-phase RP-18 Lichrosorb column, using methanol-water linear gradient elution, employing an LKB HPLC system (70-958 MeOH in 25 min, flow rate 0.8 mL min-'). Peptides were fully characterized by amino acid analysis, 270-MHz 'H-and 67.89-MHz 13C-nmr spectra. Representative spectra for the nonpeptide El-, are illustrated in Fig.  3 . Table I summarizes the relevant analytical data for the synthetic fragments. HPLC analysis and 13C-nmr data established the absence of diastereomeric peptide contaminants in the purified products.
EXPERIMENTAL
'H-nmr spectra were recorded on a Bruker WH-270 Fourier transform nmr spectrometer, equipped with an Aspect 2000 computer at the Sophisticated Instruments Facility, Indian Institute of Science, Bangalore. In the difference nuclear Overhauser effect (NOE) experiments, the perturbed and normal spectra recorded sequentially (one on-resonance and one off-resonance) in different parts of the memory (8K of each) were obtained by low-power on-resonance saturation of a peak and by off-resonance shifting of the irradiation frequency, respectively.21 About 128 transients were accumulated with a relaxation delay of 3 s between transients to facilitate buildup of initial magnetization. Delineation of hydrogen-bonded NH groups was carried out as described earlier. 22 Peptide effects on respiration of rat liver mitochondria were monitored with a Hansatech oxygen electrode as described earlier.23 
RESULTS AND DISCUSSION
Mitochondrial Uncoupling Activity Figure 4 shows the effect of addition of the various emerimicin fragments on the rate of oxygen consumption by state 4 mitochondria. The peptides are compared at a concentration of 50 p M . A minimum length of seven residues is essential for the peptide to stimulate state 4 respiration in mitochondria. The shorter fragments up to a chain length of six residues did not appreciably stimulate state 4 respiration. Addition of the longer amino terminal fragments RAJ, DAS, AND BALARAM from heptapeptide to decapeptide did result in a significant increase in the rate of oxygen consumption, suggesting that these peptides do exhibit some uncoupling effect. The activity appears to increase with increasing chain length, with the exception of peptide El-,,.
The dependence of the extent of uncoupling on the peptide concentration was assayed for each fragment and the +1/2 value (concentration for half-maximal activity per milligram of mitochondrial protein) was computed from the 
Conformational Studies
In all the peptides studied, the Aib NH resonances appear as singlets and are not a priori assigned to specific residues in the sequence. However, a distinction can be made after delineating hydrogen-bonded NH groups on the basis of conformational arguments, as described later. The Phe NH resonance was assigned to the doublet resonance at high field (urethane NH). The Gly NH was assigned to the lone triplet resonance. The Val NH was assigned by spin-decoupling experiments, establishing the NH -CaH * CPH (2.3-2.6 8 )
connectivity. The remaining doublet resonance has been assigned to the Leu NH. These assignments were made in CDCl, solution. The corresponding assignments in (CD,),SO were based on solvent titration experiments, in which spectra were recorded in CDCl,-(CD,),SO mixtures. In these peptides, NH resonances were labeled as S, (singlets), D, (doublets), and T, (triplets), where the subscript "n" refers to the order of appearance from low field in CDC1,. Although the Aib NH resonances were not assigned to individual residues, 'H-nmr results allowed deductions about molecular conformation. E6-10, the Gly(1) and Leu(2) NH groups are solvent exposed. From the assignments in Tables 11-V in both these peptides is only moderately shielded. In El-,, one Aib NH appears appreciably solvent exposed in addition to the two amino terminal NH groups. The number of strongly (partially) shielded NH groups in (CD,),SO in the various peptides are El, 2(1), E,,, 1, 3(1), El, 3(1), El, 4 (1) and 4(2), and El,, 4(2). These estimates are based on the d8/dT values. In CDCl,, only two NH groups corresponding to residues 1 and 2 appear solvent exposed. These resonances show appreciable shifts on addition of strongly hydrogen bond accepting solvents like (CD,),SO up to a concentration of 20 volume percent in CDCl, solutions. Furthermore, these resonances also broaden considerably relative to the remaining NH resonances on addition of the paramagnetic radical. The nmr results thus suggest small differences in the conformations of the peptides in CDCl, and (CD,),SO, with a greater number of solvent-shielded NH groups in the former. In nmr studies of similar acyclic peptides, solvent-shielded NH resonances have almost invariably been assigned to intramolecularly hydrogen-bonded NH
The JHNCaH values for the L-amino acid residues in the various peptides are listed in footnotes to Tables II-V. The Phe(1) NH has a low value ( < 5 Hz) in CDCl, in all the peptides and is in fact, a broad unresolved doublet resonance in sequences longer than El-5. of non-Aib residues in these sequences, and their positioning near or at the chain termini in several peptide fragments, precludes a more detailed analysis of the conformations based on J H N C a H values. Indeed, as noted later, the possibility of interconversions between helical conformations of opposite handedness can lead to dynamic averaging of J values. The nmr data in CDCl, may also be influenced by peptide associati~n.~l-~ However, as noted earlier for helical Aib-containing sequences, aggregation does not perturb intramolecular hydrogen-bonding patterns but occurs through the mediation of solvent-exposed NH group^.^^,^ Infrared studies can be used to directly estimate the extent of intramolecular hydrogen bonding. 34 The NH stretching regions of the ir spectra of the N-terminal fragments of emerimicin I11 and IV with increasing chain length from tripeptide to decapeptide in chloroform solution, at the concentration 2 x 10-4M, are shown in Fig. 7 . A t this concentration it is generally assumed that only intramolecular hydrogen bonds are pred~minant.~~-~' Under identical conditions all N-terminal fragments from tripeptide to decapeptide exhibit two NH-stretching bands at 3440-3445 cm-' and at 3330-3380 cm-l (Fig. 7) frequencies, respectively. The lower frequency band at 3330-3380 cm-' observed in these peptides at the concentration 2 x 10-4M may be assigned to intramolecularly hydrogen-bonded NH groups.
A plot of the ratio of the intensities of the bands [vNH(hb)/vNH(f)] as a function of chain length increases regularly from tripeptide to nonapeptide (Fig. 8) . This suggests that an increase in the chain length accompanied by an increase in the number of NH groups leads to the folding of the peptide This is reasonable, since both peptides may be expected to have the same number of hydrogen-bonded NH groups.
The intensity of the hydrogen-bonded NH-stretching band can be used to quantitatively estimate the number of intramolecularly hydrogen-bonded NH groups. 'H-nmr studies of the tetrapeptide show the presence of two intramolecular hydrogen bonds, as reported earlier. 15 The intensity of the vNH(hb) band for this peptide is taken to be equivalent to two hydrogen bonds. On this basis the number of intramolecularly hydrogen-bonded NH groups as determined from the vNH(hb) band intensities of these peptides are E,, one, E,, three, four, E l , five, El, six, El-9 seven, and El-,,, seven. Similar studies have also been reported for alamethicin fragmentsw*% and model peptides.=
Backbone Conformations
The only peptide that shows a single solvent-shielded NH group is the central pentapeptide Eslo. Here the lone shielded NH group can be assigned to Aib(4) NH stabilizing a Leu-Aib &turn conformation, with an intramolecular 4 -+ 1 hydrogen bond between Aib(4) NH and Gly(1) CO. This conformation may be favored because of the tendency of X-Aib sequence to adopt p-turn ~tructures.~.~ For the remaining amino terminal fragments, the nmr and ir studies in chloroform indicate a progressive increase in the number of intramolecular hydrogen bonds when going from El, to El.g. As expected, appear to possess the same number of intramolecular hydrogen bonds since the C-terminal residue in the former is Hyp, which does not possess an NH group. These results are consistent with the extension of a 3,,-helical structure, stabilized by successive 4 -+ 1 intramolecular hydrogen bonds. Typical hydrogen-bonding patterns compatible with the spectral data in chloroform are shown in Fig. 9 . The observed helical folding is fully consistent with the tendency of Aib-rich sequences to adopt 310-or a-helical conformation^.^-'^ 42
A particular point of interest in the sequence of emerimicin is the presence of an L-amino acid (L-Phe) as the N-terminal residue. This raises the possibility that the amino terminal p-turn with Phe(1) and Aib(2) as the corner residues may in fact be either type I1 (+phe --60°, +phe -+ 120", +&b -
In the former case the successive /?-turns must belong to the type I11 ~a t e g o r y , 7 ,~~ which would imply a left-handed helical folding of the segment following residue 2. In the latter case, a succession of type I11 &turns would generate a 3,,-helix. A recent study of antiamoebin, a fungal peptide produced by Emericellopsis poonensis Thirum., Emericehpsis synnematicola Mathur and Thirum, and Cephalosporium pimprim Thirum, which also possesses L-Phe-Aib as the first two residues, suggest a Type I1 p-turn conformation for this segment.44 Such conformations can be readily recognized by the presence of an interresidue NOE between the Phe(1) C"H and Aib (2) The results of representative difference NOE experiments on peptides E and E,, are shown in Figs. 10 and 11. For El, in CDCl,, irradiation of the Phe C"H resonance results in clear positive NOES on the Phe NH (intraresidue) and Aib(2) NH (interresidue) protons. In addition, an NOE is also observed on the aromatic protons. Irradiation of the Aib(2) NH results in a large NOE on the Phe C"H proton and a smaller NOE on the Phe NH proton.
The Phe CaH ++ Aib(2) NH NOE is diagnostic of a +phe value of -120" The simultaneous observation of these two NOEs suggests that both conformational states are in fact populated in solution and that a rapid dynamic equilibrium exists between these structures. Indeed, the highest dS/dT values observed for one of the Aib NH [tentatively assigned to Aib(3) NH] in DMSO in the case of the amino terminal emerimicin peptides is consistent with a degree of structural flexibility for the N-terminal p-turns. Figure 11 shows the results of typical NOE experiments on the octapeptide El, in DMSO. In this case the observed NOEs are negative, indicating that the molecular correlation time T~ is long enough to make W T~ > l. 47 The observed Phe CaH * Aib(2) NH NOE is again consistent with a type I1 p-turn conformation for the N-terminal fragment. Interestingly, no NOE was detectable between Aib(2) NH and Phe NH protons. Table VI summarizes the results of the spectral studies on the emerimicin fragments and the conformational inferences drawn therefrom. The results of this study suggest the presence of an additional solvent-exposed NH groups in DMSO as compared to those for the longer peptides
This NH group, which may be assigned to Aib(3) NH, may be exposed either due to partial unfolding of the N-terminal p-turn or by a population of a-helical structures in which the first three N-terminal NH groups are expected to be solvent exposed. A distinction between these two possibilities does not appear possible at this time. 29 In considering left-handed 3,,-helical structures for the longer fragments El, to El-lo, it must be emphasized that such structures will necessitate positive (p, t,b values for L-Val and L -~U residues. This region of conformational space is intrinsically less likely for L-residues. 48 It is noteworthy that the solvent exposure of the Aib(3) NH in the longer peptides is appreciably greater, suggesting that right-handed helical conformations may be favored at the expense of destabilizing the Phe(1)-Aib(2) p-turn. The simultaneous observation of the Phe(1) C"H -Aib(2) NH NOE and a high dS/dT value of Aib(3) NH in El, could, in fact, be rationalized in terms of a partially unfolded conformation when t,bPhe -120', but Aib(2) 9, I) fall in the right-handed helical region ($I --60°, I) --30') such that the N-terminal &turn is disrupted.
and

CONCLUSIONS
The spectral studies described in this report reaffirm the overwhelming tendency of Aib residues to promote helical folding. Sequence-dependent conformational variability has also been noted, raising questions regarding the sense of helical folding and solvent effects for the Aib peptide antibiotics that possess an N-terminal L-residue. Mitochondria1 uncoupling activity observed for some of these relatively short hydrophobic peptides must reflect their ability to associate in the lipid phase and alter transmembrane permeabilities. The relatively low activity observed for the peptide El-lo, which possesses a terminal Hyp group, suggests that appreciable insertion of peptides into the membrane may be necessary before uncoupling activity is manifested in the case of the short sequences.
